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We report a systematic study on the low-temperature thermal conductivity (κ) of R2Ti2O7 (R =
Gd and Er) single crystals with different directions of magnetic field and heat current. It is found that
the magnetic excitations mainly act as phonon scatterers rather than heat carriers, although these
two materials have long-range magnetic orders at low temperatures. The low-T κ(H) isotherms
of both compounds show rather complicated behaviors and have good correspondences with the
magnetic transitions, where the κ(H) curves show drastic dip- or step-like changes. In comparison,
the field dependencies of κ are more complicated in Gd2Ti2O7, due to the complexity of its low-T
phase diagram and field-induced magnetic transitions. These results demonstrate the significant
coupling between spins and phonons in these materials and the ability of heat-transport properties
probing the magnetic transitions.
PACS numbers: 66.70.-f, 75.47.-m, 75.50.-y
I. INTRODUCTION
Geometrically frustrated antiferromagnets have been
a topic of significant interest due to their abundant and
exotic physical properties.1–5 The rare-earth titanates
R2Ti2O7 (R = rare earth) are one of the families with
three-dimensional spin frustration.4,5 These materials
have pyrochlore crystal structure with the space group
Fd3¯m, in which the magnetic rare-earth ions form a net-
work of corner-sharing tetrahedra and are prone to a high
degree of geometric frustration. For this reason, antifer-
romagnetically coupled classical Heisenberg spins on the
pyrochlore lattice cannot form a long-range order at finite
temperature. However, the real materials are greatly sen-
sitive to weak perturbations (e.g. single-ion anisotropy,
dipolar interaction or quantum fluctuations) beyond the
nearest-neighboring exchange, which results in rich un-
conventional low-temperature magnetic and thermody-
namic properties. Example phenomena include the disor-
dered classical spin ice in Ho2Ti2O7 and Dy2Ti2O7 (with
effective ferromagnetic exchange and Ising anisotropy),6,7
the quantum spin liquid in Tb2Ti2O7,
8–10 and the quan-
tum spin ice in Yb2Ti2O7.
11,12 Furthermore, the long-
range antiferromagnetic (AF) order can be formed in
Gd2Ti2O7 and Er2Ti2O7.
13,14 Recently, the low-T heat
transport properties of R2Ti2O7 have started to attract
research interests for the purpose of detecting the trans-
port of magnetic excitations in these materials. The spin-
ice compounds exhibit considerably strong interactions
between the magnetic excitations and phonons and hence
show drastic changes of thermal conductivity at the field-
induced magnetic transitions.15–17 In the spin-liquid ma-
terial Tb2Ti2O7, the coupling between spin fluctuations
and phonons is so strong that the phonon heat transport
is extremely weak.18 In this work, we study the low-T
thermal conductivity of two long-range ordered systems
R2Ti2O7 (R = Gd and Er) to probe the roles of magnon
excitations and magnetic fluctuations.
In Gd2Ti2O7, the magnetic Gd
3+ ion has a spin mo-
mentum S = 7/2 and an orbital momentum L = 0,
and therefore has a negligible single-ion anisotropy.13 In
zero field, Gd2Ti2O7 shows the magnetic-order transi-
tion induced by thermal fluctuation at about 1 K to the
so-called P state.19–23 Lowering temperature to about
0.7 K, the P state changes to a so-called F state. It
was found that both P and F states have a specific 4-k
magnetic structure with k = (1/2, 1/2, 1/2), in which
all the Gd3+ spins are perpendicular to the local [111]
axes.19 However, in the F state each pyrochlore unit
cell consists of three fully ordered spin tetrahedra and
one weakly ordered spin tetrahedron, while in the P
state that weakly ordered spin tetrahedron becomes fully
disordered.19 With applying magnetic field, the Gd3+
spin structures present further changes.24–28 At H ≥ 3 T
and T < 1 K, a collinear spin state is formed, in which
three spins on each tetrahedron are aligned with the
field and the rest one points to the opposite direction.25
In high magnetic fields, the Gd3+ spins enter a polar-
ized paramagnetic state. The mechanisms of these field-
driven transitions are likely that magnetic field can break
the degenerate ground states and force the system to se-
lect a particular ordered structure.
Er2Ti2O7 was proposed to be a realization of the XY
antiferromagnet on pyrochlore lattice. Er3+ ion has a
large orbital momentum L = 6 and a spin momentum S
= 3/2. However, the crystal-field ground state of Er3+
ion is a Kramers doublet, with large anisotropy respective
to the local [111] axis, and can be described as an effec-
2tive spin of 1/2.14,29 This implies a significant quantum
effect in this material. Er2Ti2O7 undergoes a second-
order transition to a long-range ordered state at about
1.2 K with an unusual k = 0 non-coplanar AF structure,
the so-called ψ2 state.
14,29–35 The mechanism of this long-
range ordered phenomenon had been discussed to be the
quantum order by disorder effect,32,36 for which the quan-
tum fluctuations lift the degeneracy of the ground state.
Applying magnetic field above a critical value of 1.5–2
T (slightly different for H ‖ [100], [110], and [111]), the
system enters a high-field quantum paramagnetic state
through a second-order transition driven by the quan-
tum fluctuations. In the high-field state, the Er3+ spins
are fully polarized in the XY plane and maximize their
projections along the field direction.30,35,37
Both Gd2Ti2O7 and Er2Ti2O7 exhibit the ground
states of a coexistence of the long-range order and short-
range order or spin fluctuations,14,30,38,39 which are ob-
viously different from the conventional magnetic materi-
als. One can naturally expect that their heat transport
properties would show some peculiar phenomena. In this
paper, we perform detailed studies of the low-T thermal
conductivity of R2Ti2O7 (R = Gd and Er) single crystals
and find that they have rather complicated temperature
and magnetic-field dependencies. To probe the mecha-
nism of the heat transport properties, the low-T specific
heat are also studied. The data demonstrate that the
magnetic excitations in these materials can effectively
scatter phonons instead of transport heat. Due to the
spin-phonon coupling, the field-induced phase transitions
cause drastic changes of the phonon thermal conductiv-
ity.
II. EXPERIMENTS
High-quality R2Ti2O7 (R = Gd and Er) single crystals
were grown using a floating-zone technique.40 In partic-
ular, Gd2Ti2O7 and Er2Ti2O7 were grown in 0.4 MPa
pure oxygen with a growth rate of 2.5 mm/h and in 0.1
MPa pure oxygen with a rate of 4 mm/h, respectively.
The crystals were oriented by the x-ray Laue photograph
and cut precisely along those crystallographic axes like
[111], [110] (or [11¯0]), and [112¯] into long-bar and thin-
plate shapes for the thermal conductivity and specific
heat measurements, respectively. The thermal conduc-
tivity was measured at low temperatures down to 0.3 K
and in magnetic fields up to 14 T by using a conventional
steady-state technique.15,18,41–45 The specific heat was
measured at low temperatures down to 0.4 K by using
the relaxation method in a commercial physical property
measurement system (PPMS, Quantum Design).
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FIG. 1: (Color online) (a,c) Temperature dependencies of
the specific heat of Gd2Ti2O7 single crystals for H ‖ [110]
and H ‖ [111]. (b,d) Zoom-in of the low-temperature plots.
The sample sizes are 0.29×0.32×0.17 mm3 for H ‖ [110] and
0.53×0.53×0.09 mm3 for H ‖ [111], respectively. The mag-
netic fields were applied along the shortest dimensions of the
samples.
III. RESULTS
A. Gd2Ti2O7
Figure 1 shows the low-T specific heat data of
Gd2Ti2O7 single crystals for H ‖ [110] and H ‖ [111].
In zero magnetic field, there are two peaks at 1.0 and
0.71 K, which represent two consecutive transitions from
paramagnetic state to the P state and then to the F
state, respectively. In applied fields along the [110] direc-
tion, the two peaks merge with each other and a broad
peak can be seen at 1 T. Increasing field to 2 T, the
peak becomes much larger and a bit sharper and is lo-
cating at 0.96 K. However, this peak splits into a peak
at 0.95 K and a lower shoulder at 0.77 K when magnetic
field is increased to 3 T. Increasing field further to 4 T,
the peak shifts to 0.92 K while the shoulder-like feature
disappears. For H > 4 T, the remained peak gradually
moves to lower temperatures and cannot be seen at tem-
perature down to 0.4 K when the field is larger than 6 T.
Finally, a hump-like feature appears and gradually shifts
to high temperatures for H > 6 T. It resembles a Schot-
tky anomaly and is apparently related to the Zeeman
effect of the Gd3+ moments in the high-field paramag-
netic state. All these phenomena are essentially consis-
tent with the results reported previously,20,24,25 which
3were discussed to originate from the partial lift of degen-
erate states.24 The specific-heat data in H ‖ [111] show
rather similar behaviors to those in H ‖ [110], but with
some obvious differences in the positions and magnitudes
of those peaks, which indicates a non-negligible magnetic
anisotropy of Gd2Ti2O7.
21,25,46
Figures 2(a)-2(c) show the thermal conductivity as a
function of temperature in zero and 14 T fields for dif-
ferent directions of magnetic field and heat current (JH).
Apparently, the heat transport of Gd2Ti2O7 is almost
isotropic in both zero and 14 T fields and is independent
of the field direction. The zero-field κ(T ) curves exhibit a
typical phonon transport behavior at high temperatures
and large phonon peaks at about 10 K.47 It is notable
that at the phase transitions from the high-T paramag-
netic state to the low-T magnetically ordered state at 1.0
and 0.7 K, indicated by the specific-heat data, there is
no obvious change of κ(T ). It seems that the magnetic
excitations of Gd2Ti2O7 have no obvious contribution to
transporting heat. However, at low temperatures the κ
is increased in 14 T, indicating that there is magnetic
scattering on phonons in zero field that can be removed
by applying high field.42
The detailed magnetic-field dependencies of the low-
T thermal conductivities are shown in Figs. 2(d)-2(f).
For three different configurations, κ(H) isotherms show
very similar behaviors. At very low temperatures, the κ
shows some reduction at low fields, a step-like increase
at about 6 T, and a high-field plateau. Upon increas-
ing temperature, the low-field reduction is weakened and
the transition at 6 T is broadened, accompanied with
a decrease of the high-field plateau. At 1.95 K, the κ
is almost independent of field. At lowest temperature,
the high-field plateau is started from 7–8 T. From the
specific-heat data, it is known that above 8 T the sam-
ples enter the paramagnetic or the high-field polarized
state. Therefore, the step-like increase and high-field
plateau of κ are apparently originated from the quench of
the phonon scattering by magnetic excitations (magnons
from the ordered state), when entering the spin-polarized
state.42 This means that the low-T thermal conductiv-
ity in high fields would be a phonon transport free from
magnetic scattering. However, one may note that at sub-
Kelvin temperatures the 14-T κ(T ) curves have some ob-
vious curvatures in the log-log plot instead of showing a
power law close to T 3. It is deviated from the expecta-
tion of a phonon heat transport in the boundary scatter-
ing limit.47 This unusual temperature dependence points
to some peculiarity of the high-field magnetic state of
Gd2Ti2O7. Nevertheless, it is rather clear that magnons
in this material mainly play a role of scattering phonons
and there is no signature that they can contribute sub-
stantially to transporting heat.
It can also be seen that the low-field behaviors of κ(H)
are a bit different for three different configurations of heat
current vs field direction. For H ‖ [111], as shown in Fig.
2(d), the 0.36-K κ(H) curve has two pronounced “dips”
at 1 and 3.25 T. With increasing temperature, they be-
come more shallow and disappear above 1 K. For H ‖
[110] (or ⊥ [111]), as shown in Figs. 2(e) and 2(f), the
0.36-K κ(H) curves show two weak “dips”, which are
slightly different between JH ‖ [111] and JH ‖ [110]. In
the former case, they locate at about 1 and 3.5 T, while
in the latter case they locate at about 1 and 3 T (the
1 T dip in Fig. 2(f) is very weak). Note that in these
cases, the relative directions between the heat current
and magnetic field are different, which yields some dif-
ference in the demagnetization effect. Considering this
factor, the positions of two dips depend on the direction
of magnetic field rather than that of heat current. These
two dips disappear quickly with increasing temperature.
It should be noted that these low-T κ(H) isotherms do
not display obvious hysteresis, which indicates that the
possible magnetic domains28 are not coupled with the
phonon transport. In this regard, the κ(H) results are
not able to distinguish the order of phase transition at 6
T, which either a weak first-order transition or a second-
order one were suggested by some earlier experimental
results.25,48
To probe the origin of the κ(H) behaviors, we com-
pare the characteristic fields, including the dips and step-
like increase, with those transitions from the specific-
heat data. In Fig. 3, the H − T phase diagrams of
Gd2Ti2O7 for either H ‖ [111] or H ‖ [110] are deter-
mined by the transitions from the specific heat. They
are nearly the same as those in some earlier literature.25
It is known that there are at least four different mag-
netic phases in the phase diagram, that is, the high-T
and high-field paramagnetic (PM) phase, the low-T and
low-field F state, a lower-field P state, and a higher-field
collinear state (see the Introduction section). It is found
that the characteristic fields from the κ(H) data have a
good correspondence with the phase boundaries among
these four phases. The step-like increase of κ at about 6
T is caused by the transition from the low-field ordered
state to the paramagnetic state.42 It can be explained as
the elimination of the magnon scattering on phonons in
a spin-polarized state. The dip of κ(H) at about 3 T is
caused by the transition from the F state to the collinear
state. It seems that this transition is a rearrangement
of the spin structure, which is usually associated with
the collapse of the spin anisotropy gap and the increased
numbers of low-energy magnons. The phonon scattering
is enhanced by a large number of magnons at the transi-
tion fields.42–44 Another dip of κ at about 1 T, however,
has no direct relationship to the specific-heat data. In
the phase diagrams determined by the specific heat, this
transition is locating deeply in the F state. In this re-
gard, it may be related to a very recent experimental
finding of a new phase boundary at 1 T for H ‖ [100].28
This boundary separates some unknown phases (named
as I and I ′ in Ref. 28) from the F state. Since the
phase diagrams of Gd2Ti2O7 are rather similar for dif-
ferent field directions,25 it is reasonable to believe that
these newly found phases and phase boundaries exist also
in the cases of H ‖ [111] and H ‖ [110]. Finally, it should
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FIG. 2: (Color online) (a-c) Temperature dependencies of thermal conductivities of Gd2Ti2O7 single crystals in zero and 14
T. The directions of heat current (JH) and magnetic field are along either the [111] or the [110] directions. Note that in panel
(b), the magnetic fields along the [11¯0] direction (equivalent to the [110]) are actually perpendicular to the [111] direction.
The dashed lines indicate a T 3 temperature dependence. (d-f) The corresponding magnetic-field dependencies of thermal
conductivities at low temperatures for the three different configurations. Two sets of data for JH ‖ [111] were taken on a
sample having a size of 3.9×0.63×0.17 mm3. Another sample for JH ‖ [110] has a size of 2.4×0.65×0.16 mm
3. The heat
currents were flowing along the longest dimensions of these samples.
be pointed out that the small differences in the critical
fields between the κ(H) data and the specific-heat data
are probably due to either the uncertainty in defining the
transition fields in two different physical properties or the
difference in the demagnetization effect, or both.
B. Er2Ti2O7
Figure 4(a) shows the low-T specific heat of Er2Ti2O7
single crystal. In zero field, a sharp λ peak appears at
about 1.2 K, which reveals a second-order phase transi-
tion from the paramagnetic state to the long-range or-
dered state. Applying magnetic field along the [111] di-
rection, the peak is gradually suppressed and shifts to
lower temperatures. It is not observable at temperatures
down to 0.4 K with H ≥ 2 T. At the same time, a much
broader peak emerges at about 1.3 K when H = 1.5
T. It shifts to higher temperatures and becomes even
broader with increasing field, which behaves like a Schot-
tky anomaly.30,31 All these are in good agreement with
the previous results.14,30,31 In literatures, the specific
heat of Er2Ti2O7 were studied for three different direc-
tions of magnetic field, that is, H ‖ [100], [110], and [111],
and were found to show some anisotropy of the transition
fields between the ground state and the high-field quan-
tum paramagnetic state. Furthermore, the high-field spe-
cific heat were dependent on the field direction. In par-
ticular, the high-field humps or broad peaks in the [100]
and [110] fields could be described by a simple two-level
Schottky anomaly, while those in the [111] fields could
not.31 Our present data confirmed this. As shown in Fig.
4(b), the high-field data (H ≥ 2 T) are fitted using the
following formula
C = αR(
∆
kBT
)2
e−∆/kBT
(1 + e−∆/kBT )2
+ βT 3, (1)
where the first term represents the two-level Schottky
anomaly and the second one is the phonon contribution.
Here, R is the universal gas constant, α is a numerical
coefficient, ∆ is the gap value and is dependent on the
Zeeman effect, and β is the coefficient for low-T phonon
specific heat. It is found that this formula could qualita-
tively describe the data but the fittings are not perfect,
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which is very similar to the earlier study by Sosin et al.31
Note that the parameters in our fittings, α = 1.65 and
β = 2.8 ×10−3 J/K4mol, are also almost the same as
those in Ref. 31. All these indicate that for H ‖ [111],
higher-field Schottky-like peaks are not a simple behav-
ior of paramagnetic moments. Some soft modes related
to the spin fluctuations are probably involved.30,31
In a theoretical scenario, Er2Ti2O7 was found to have
a ground state of quantum order by disorder and exhibit
a quantum critical point at 1.5–2 T, where the long-range
order is suppressed.31–33 However, the zero-field long-
range order actually coexists with spin fluctuations, as
revealed by the magnetic resonance spectroscopy and in-
elastic neutron scattering.30,31 These soft spin excitations
would not only contribute to the specific heat but also be
easily coupled with low-energy phonons and significantly
damp the phonon transport.18 Across the quantum crit-
ical field (1.5–2 T), the magnetic excitations of ground
state change drastically, which in principle could be de-
tected by the thermal conductivity.
Figure 5 shows the temperature and magnetic-field de-
pendencies of the thermal conductivity for different direc-
tions of heat current and magnetic field. Both the κ(T )
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curves and the low-T κ(H) isotherms show no obvious
anisotropy. As far as the zero-field κ(T ) data are con-
cerned, the phonon peaks locate at about 8 K; below
about 1.2 K, as shown in the inset to Fig. 5(c), some
slight changes in the slopes of these κ(T ) can be seen,
which is related to the phase transition from the param-
agnetic state to the long-range ordered state. With ap-
plying field of 1.5 or 2 T, the κ become much smaller than
the zero-field data and the changes of the κ(T ) slopes at
∼ 1.2 K are more significant. In a high field of 14 T,
the κ values are larger than the zero-field values at low
temperatures, which indicates that in the spin-polarized
state, the phonon scattering by magnetic excitations is
quenched and the phonon transport is recovered. How-
ever, at relatively higher temperatures, the κ in 14 T
field is much smaller than the zero-field value, suggesting
a field-induced magnetic scattering effect. This is differ-
ent from the high-T behavior of Gd2Ti2O7.
The κ(H) isotherms show a dip-like behavior at low
fields and an increase at high fields, particularly at very
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low temperatures. At the first glance, it is similar to that
caused by paramagnetic scattering on phonons.45,49,50
But one may note a remarkable difference between the
Er2Ti2O7 results and the paramagnetic scattering phe-
nomenon. In the latter case, the minimum or dip of the
κ(H) isotherm is due to a phonon resonant scattering
by some magnetic excitations between the energy levels
that are affected by the Zeeman effect;45,47,49,50 there-
fore, the position of the dip should shift almost linearly
with the magnetic field. For Er2Ti2O7, at higher tem-
peratures (> 1 K), the dip of κ becomes broader and
shifts to higher fields with increasing temperature, which
is indeed the same as the paramagnetic scattering effect.
However, as can be seen in Figs. 5(d)-5(f), the dip fields
are temperature independent for T < 1 K. Apparently,
this sub-Kelvin behavior must have some other origin.
Since the low-T dip fields (1.5 or 2 T) are close to the
characteristic field in the specific heat, above which the λ
peak was suppressed, it is likely that they correspond to
the phase transition from the low-field ordered state to
the high-field quantum paramagnetic state. In passing,
it should be pointed out that the dip field is essentially
isotropic for different field directions, as shown by Figs.
5(d) and 5(f), while the higher dip fields in Fig. 5(e)
could be due to the demagnetization effect. In addition,
the κ(H) curves at 0.36 and 0.5 K in Fig. 5(f) display
shallow minimums at high field (> 10 T). It is unclear
whether they are related to some kind of transition since
the feature is rather weak and broad.
Figure 6 shows the comparison of dip fields of the κ(H)
with the characteristic fields of the specific heat. It is
clear that the dips of κ(H) have no good correspondence
with the phase boundary of the AF state, and at different
temperature regions they have very different origins. At
very low temperatures (T < 1 K), the dips are coincided
with the quantum critical field that suppresses the long-
range-ordered ground state, which can be ascribed to be
a simple explanation of the strong phonon scattering by
the critical magnetic fluctuations. This is supported by a
complete mode softening of spin excitations at Hc as re-
vealed by the inelastic neutron scattering.30 The higher-
field enhancement of κ is due to the removal of low-lying
magnetic excitations at H > Hc.
30 On the other hand,
the higher-T (T > 1 K) dips have a good correspon-
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ground state, as shown by the dashed line. The higher-field
Schottky-like peaks may separate the “high-T , low-field” ther-
mally paramagnetic state and the “high-field, low-T” quan-
tum paramagnetic state, as suggested by Ref. 30. The char-
acteristic dip fields of the κ(H) isotherms are also shown for
three configurations of the heat current (JH) and magnetic
field.
dence with the higher-field Schottky-like anomalies of the
specific heat. Although this anomaly was discussed to
separate the “high-T , low-field” thermally paramagnetic
state and the “high-field, low-T ” quantum paramagnetic
state,30 the paramagnetic excitations are the main contri-
bution and are likely playing a role of scattering phonon.
Therefore, it is understandable that the κ(H) behaviors
at T > 1 K match well with the phonon resonant scat-
tering effect by the paramagnetic ions.
IV. DISCUSSION
Both Gd2Ti2O7 and Er2Ti2O7 display the magnetic
excitations scattering on phonons. It seems to be a
common phenomenon in pyrochlore R2Ti2O7. In spin-
ice members Dy2Ti2O7 and Ho2Ti2O7, there is negligi-
ble scattering on phonons by the magnetic excitations in
zero field.15–17 This is due to the fact that the peculiar
magnetic excitations, magnetic monopoles, in the spin-
ice compounds have sizeable energy gaps that prevent
the thermal activations at very low temperatures.51 How-
ever, in magnetic fields the magnetic monopoles can be
well populated and were found to scatter phonons rather
strongly, particularly at the field-induced magnetic tran-
sitions between the “spin-ice”, the “kagome´-ice”, and the
“three-in-one-out” states, although they might be able to
transport heat also.15–17 In the quantum-spin-liquid ma-
terial Tb2Ti2O7, the coupling between spin fluctuations
and phonons is so strong that the phonon heat transport
exhibits a glassy-like behavior.18 In comparison, the cou-
pling or scattering effect between magnetic excitations
and phonons in the long-range ordered Gd2Ti2O7 and
Er2Ti2O7 are not very strong but detectable at zero field.
One reason that the magnetic excitations act mainly as
phonon scatterers rather than heat carriers in R2Ti2O7
is apparently related to the rather weak exchange inter-
actions in these materials. As a result, the magnetic
excitations have weak dispersion or small velocity. An
example is that the magnetic monopoles in the spin-ice
compounds were estimated to have a small velocity of
∼ 20 m/s.16 The magnon velocity of Er2Ti2O7, calcu-
lated from the dispersion curve, is about 80 m/s only.29
Gd2Ti2O7 is expected to have a similar situation, since
the exchange energies of these materials are essentially
comparable.13,29,35,38 In contrast, the magnon velocity is
about 2–4 orders of magnitude larger in many materials
that show substantial magnon heat transport.52–54
Although the heat transport of Gd2Ti2O7 and
Er2Ti2O7 have some similarities in the weak anisotropy
and magnetic scattering effect, there are several notable
differences between them. First, Gd2Ti2O7 shows much
larger phonon peaks in the zero-field κ(T ) curves, even
though these two compounds have the same crystal struc-
tures. For nonmagnetic insulators, larger phonon peak
may indicate less structural imperfections in crystals.
However, for magnetic materials, the magnetic scattering
can play a role. This possibility seems to be supported by
the details of the temperature dependence of κ. As can
be seen in Figs. 2 and 5, near the long-range order tran-
sition in zero field, the κ(T ) of Gd2Ti2O7 do not show
any observable changes, while those of Er2Ti2O7 show
weak changes of the κ(T ) slopes. Second, the magnetic
scatterings actually have quite different origins in these
two materials. In Gd2Ti2O7, the magnetic excitations of
the long-range ordered state, i.e., magnons are effectively
phonon scatterers. For this reason, the magnetic-field-
induced changes of κ are only presented at low tempera-
tures; above 2 K, the κ is nearly unaffected by applying
field. In Er2Ti2O7, however, the role of magnons in the
long-range ordered state is not so obvious. Nevertheless,
in zero field and at very low temperatures, magnons are
likely to scatter phonons, since the high-field κ are about
50% larger than the zero-field values. On the other hand,
the low-energy spin excitations associated with the quan-
tum critical point induce a strong scattering on phonons
in a rather broad temperature range. Another contri-
bution of the magnetic excitations is the high-T para-
magnetic scattering effect. In this regard, it is rather
difficult to understand why there is no any signature
of paramagnetic scattering effect in Gd2Ti2O7. Third,
Gd2Ti2O7 shows much more complicated κ(H) behav-
iors than Er2Ti2O7. This is clearly due to a more com-
plicated low-T phase diagram of Gd2Ti2O7. In present
work, the low-T heat transport of these materials again
8shows a close relationship to the magnetism and mag-
netic transitions, as also found in many other magnetic
materials.15,16,41–44 It therefore provides a useful tool to
probe some unknown magnetic transitions, as shown in
Fig. 3.
There are also some details remained to be further
studied. As shown in Fig. 2, the temperature dependen-
cies of κ of Gd2Ti2O7 show some clear deviations from
the power low at sub-Kelvin temperatures even in 14 T
field. This may suggest that the magnetic scattering in
the high-field spin-polarized state is still active at such
low temperatures. This unusual temperature dependence
points to some peculiarity of the high-field magnetic state
of Gd2Ti2O7. One possible reason is that the ground
state of Gd2Ti2O7 is a coexisting of long-range and short-
ranges orders. The short-range order or spin fluctuations
could survive in high field even when the long-range AF
order was suppressed. A supportive experimental result
is that the magnetic resonance spectroscopy has detected
some weakly dispersive soft modes in the spin-saturated
phase, which could be explained based on the spin-wave
calculations.27
V. SUMMARY
Thermal conductivities of pyrochlore R2Ti2O7 (R =
Gd and Er) are studied at low temperatures down to 0.3
K and in high fields up to 14 T. It is found that the
magnetic excitations play a role of scattering phonons
rather than transporting heat, although these two ma-
terials have long-range magnetic orders at low tempera-
tures. In Gd2Ti2O7, the field-induced magnetic transi-
tions can cause drastic changes of κ at the phase bound-
aries and lead to rather complicated field dependencies
of κ. The main phenomena include the dip-like features
in κ(H) isotherms at the low-field phase transitions and
a step-like increase of κ at the spin-polarization tran-
sition. Er2Ti2O7 shows much simpler field dependen-
cies of κ, with a dip-like feature caused by the quantum
phase transition at about 1.5–2 T or the paramagnetic
phonon scattering at higher temperatures. These data
demonstrate that heat transport is an effective means to
probe the magnetic properties of pyrochlore rare-earth
titanates.
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